Nuclear import receptors are central players in transporting protein cargoes into the nucleus. Moving beyond this role, four newly published articles describe a function in regulating supramolecular assemblies by fine-tuning the phase separating properties of RNA-binding proteins, which has implications for a variety of devastating neurodegenerative disorders.
Functional Phase Separation
Phase separation is a long-known physicochemical concept whereby a single phase system converts into at least two immiscible phases. However, the extent to which cells exploit phase separation in response to changes in the cellular environment and the cell cycle as a mechanism to create new and tailored functions has become apparent only in the past decade. Cells use phase separation to build and tune dynamic membraneless organelles by exploiting properties that are often encoded in the intrinsically disordered regions of the proteins involved (here referred as IDPs). Ribonucleoprotein (RNP) granules, including stress granules (SGs), processing bodies, nuclear speckles, nucleoli, and Balbiani bodies all belong to this category of membraneless organelles, and many of the proteins historically associated with them are IDPs. It is believed that these organelles dynamically exchange with their environment and function like condensed phase microreactors to concentrate multiple reaction components, like RNA and many other biomolecules and factors, and thus accelerate biochemical reactions in the cell or sequester molecules during stress (Hyman et al., 2014) .
Why are IDPs key to phase separation? IDPs are very abundant in the eukaryotic proteome (> 30% of proteins) and tend to elude description through structure-function relationships because their native states lack a defined structure and are highly flexible (Babu, 2016) . These properties allow IDPs to interact with a multitude of partners, which can give rise to phase separation. However, their plasticity can also pose a great danger because perturbations of their normal behavior can lead to the formation of aggregates such as amyloid fibers (Figure 1 ), an assembly state correlating with the pathological nature of many devastating human diseases, such as Alzheimer's, Parkinson's, Huntington's, multisystem proteinopathy, amyotrophic lateral sclerosis (ALS), and frontotemporal dementia (FTD).
Besides high dynamics and complex behavior, IDPs frequently possess sequence architecture with limited complexity-that is, long stretches composed of multiple residues of Ser, Gly, Gln, and so forth. Such regions are commonly referred to as low-complexity (LC) regions or domains. Embedded in those sequences can be key motifs-specific sequence elements recognized by suitable binding partners. IDPs bind to partner molecules in almost all imaginable styles, ranging from formation of a tight structured complex to formation of ''fuzzy'' complexes, which often maintain high dynamics and disorder. While tight binding usually correlates with stable complex formation (high-affinity binding), fuzzy does not directly imply weak or sloppy binding. A prime example of such a fuzzy but specific interaction is the one between disordered phenylalanine glycine-rich nucleoporins (FG-Nups) and nuclear transport receptors that ferry cargo into the nucleus (NTRs) (Tan et al., 2018) . By contrast, the interaction between disordered nuclear import signals (NLS) and nuclear import receptors (NIRs) leads to tight, stable complexes as describe below. Interestingly, FG-Nups also undergo phase separation to hydrogel (Frey et al., 2006) and amyloid-like states in vitro that can be controlled by NIRs (Milles et al., 2013) . Four papers in this issue of Cell look specifically at a newly discovered function of NIRs that appears independent of nucleocytoplasmic transport and reveal how tight and fuzzy-interactions between NIRs and IDPs might jointly regulate phase separation of RNA-protein assemblies such as SGs with implications for resolution of pathogenic fibrils.
Nuclear Import Receptors Modulate IDP Binding Interactions NIRs, also known as importins or karyopherins, regulate most traffic across the nuclear pore complexes that span the nuclear envelope. Most NIRs are large a-helix-rich proteins that assume super-helical structures. They bind cargoes exposing an NLS. A steep RanGTP gradient across the nuclear envelope can regulate the direction of transport, as binding of RanGTP to NIRs triggers cargo release ( Figure 1 ). Importinb1 is a major NIR that recognizes the classical Lys-rich NLS (cNLS) via the adaptor protein importina. The NIR importinb2 (also known as transportin-1, Kapb2, and TNPO1; from here on, for simplicity, we only use the latter one) is known to engage directly with a variety of NLSs, many of which contain a Pro-Tyr motif (PY-NLS).
NIRs, however, are not only associated with nucleocytoplasmic transport. They also play important roles in mitosis (Forbes et al., 2015) , facilitate exchange between RNP granules (Chang and Tarn, 2009) , and have been proposed to act as chaperones (Jä kel et al., 2002) . Four new studies in this issue of Cell examine the role of NIRs as control elements to tune supramolecular condensates arising from phase separation of RBPs (Guo et al., 2018; Hofweber et al., 2018; Qamar et al., 2018; Yoshizawa et al., 2018) . Together, these efforts demonstrate that NIRs can prevent association of RBPs with established condensates and dissociate condensates in the form of droplets, gels, or fibrils, opening a door to a potentially novel amyloid fiber clearance pathway. While the strong association of TNPO1 with the PY-NLS of fused in sarcoma (FUS) RBP has been previously established (Lee et al., 2006) , the full extent of NIRs roles as supramolecular regulators of RBPs, independent of their canonical role in nucleocytoplasmic transport, is just coming into focus. The NLS is thus not just an important import signal, but also a signal to control the phase separation behavior of NLS containing RBPs like FUS, TAF15, EWSR1, hnRNPA1, hnRNPA2, TDP-43, etc., which are all proteins found in SGs and infamous for their connection to variety of diseases.
How do NIRs manage to control phase separation by associating with RBPs? Two of the new studies provide structural insights into how NIRs associate with RBPs (Qamar et al., 2018; Yoshizawa et al., 2018) , looking at FUS as an example. Yoshizawa et al. (2018) used NMR spectroscopy and smallangle X-ray scattering techniques to study the FUS-TNPO1 complex, which forms upon tight binding of TNPO1 to the PY-NLS of FUS. FUS has multiple domains (see Figure 1 ): an N-terminal LC SYGQ-rich domain (yeast prion-like), three ArgGly-Gly (RGG1, RGG2, RGG3) repeat domains, a folded RNArecognition motif (RRM) domain, a zinc finger (ZnF) domain, and a C-terminal PY-NLS. Thus far, the LC domain has been implicated as the major player in the phase separation properties of FUS (Burke et al., 2015; Murray et al., 2017; Patel et al., 2015) . FUS binding to TNPO1 is now shown to involve multiple weak and dynamic interactions with almost all domains of the protein. A particularly noteworthy point that the four new papers converge on is that RGG domains play an important role in phase separation. The net effect is that the NIR can extract an RBP from a phase separated structure such as a SG.
In a similar vein, Qamar et al. (2018) show that FUS liquid-liquid phase separation is driven by the cation-p interactions that arise between multiple Arg residues in the RGGs and Tyr residues in the LC domain (Figure 1 ), similar to the interactions between Arg and Phe in the Ddx4 protein (Nott et al., 2015) . Zooming into this very molecular, physicochemical level of phase separation was enabled by a sophisticated combined atomic force microscopy-infrared nanospectroscopy (AFM-IR) approach. The analysis suggested a model in which liquid-liquid phase separation might be initiated by transient multivalent cation-p interactions that bring LC domains close together. These noncovalent interactions depend on the proximity of an amino acid containing an aromatic side chain (Phe, Tyr, Trp) and the one with an exposed cation (Lys or Arg). This can also lead to formation of more stable hydrogen bonds, stabilizing the b-sheet-like structures found in FUS condensates (Murray et al., 2017; Qamar et al., 2018 ). The study also shows how molecularly close the disordered and liquid state and the formation of stable b sheets can be. It is widely known that b sheets have a strong tendency to stack, thus resulting in amyloid fiber formation.
Finally, the results clearly show that the supramolecular properties can be regulated at multiple levels and that many weak interactions can contribute to a strong signal, such as dispersion of even fibrils. This in turn might allow an analog-like behavior, very different from a simple on/off digital-like binding signal.
From Phase Separation to Aggregation
In both ALS and FTD, pathology has been linked to the mislocalization of FUS and related RBPs outside the nucleus and their condensation in cytoplasmic aggregates (Chang and Tarn, 2009) . In some cases of ALS, FUS is mutated in its C-terminal domain-more precisely, in its PY-NLS and the preceding RGG regions (Figure 1 ). Interestingly, ALS-associated mutations in the PY-NLS, such as P525L and R495X, severely decreased the affinity of FUS for TNPO1, thus favoring FUS phase separation and its relocalization to SGs (Guo et al., 2018; Hofweber et al. 2018) .
Similarly to FUS, hnRNPA1 and hnRNPA2 also form aberrant fibrillar hydrogels in degenerating tissues in patients suffering from multisystem proteinopathy. The study by Guo et al. (2018) now shows that TNPO1 inhibits fibrillization of FUS, TAF15, EWSR1, hnRNPA1, and hnRNPA2. The authors suggest that TNPO1 specifically chaperones RBPs containing a PY-NLS with an efficiency correlating with the spatial availability of the NLS. A similar property was also found for importina/b chaperoning TDP-43 through its cNLS. However, exportins, NTRs that recognize nuclear export signals (NES) to export cargoes from the nucleus, do not show similar abilities. Therefore, NIRs appear to have a truly unique function in chaperoning and regulating phase separation and fibrillization of RBPs. As a potential therapeutic outlook, expression of TNPO1 was shown to suppress neurodegeneration and increase the lifespan in a Drosophila disease model by 10 days (Guo et al., 2018) .
One of the important regulatory mechanisms controlling and fine-tuning phase separation and aggregation of RBPs is posttranslational modifications. Hofweber et al. (2018) and Qamar et al. (2018) show that lack of Arg methylation of the FUS-RGG domain promotes FUS aggregation and association with SGs. This finding is again of potential health relevance, as hypomethylated FUS aggregates are enriched in FTD cases (Figure 1) . Qamar et al. (2018) directly observe that hypomethylated FUS (HYPO-FUS) assemblies are highly heterogeneous and contain a mixture of liquid-and gel-like states, suggesting that they can alternate or co-exist and are potentially interconvertible within a single FUS condensate. As methylation of Arg changes its hydrogen bonding properties and the local hydrophobicity of Arg residues, this could directly influence the cation-p interactions that can drive phase separation of FUS (Hofweber et al., 2018; Qamar et al., 2018) . The NLS-dependent chaperone activity of TNPO1 is not impaired when FUS is hypomethylated, and TNPO1 has an even higher affinity for HYPO-FUS (Hofweber et al. 2018 ). Interestingly, in FTD patients, TNPO1 levels are reduced, which is in agreement with the relevance of elevated concentrations of TNPO1 for a potential therapeutic strategy. Nevertheless, the exact details of the mechanisms causing methylation loss and TNPO1 suppression, dysfunction, or aggregation are yet unknown. Furthermore, the existence of arginine demethylases is controversial; however, it is believed that some lysine demethylases can perform this function (Walport et al., 2016) . Whether this is the mechanism applicable to FTD remains to be investigated.
Outlook
The findings summarized above provide the scientific community with valuable details on phase separation of RBPs and open the door to an interesting area of future investigationthe role of NIRs in the cytoplasm and their chaperone actions as key regulators of supramolecular assemblies. The current model for this process suggests that first, an RBP, within a condensate such as a SG, presents its disaggregation signal, the NLS, for the initial strong binding to an NIR. The NIR then forms additional multiple weak interactions with all parts of the RBP. Collectively, such multivalent fuzzy-like interactions are specific to NIRs. This association hijacks the RBP from the RNA in the SG (Figure 1) . In aberrant cases, NIRs are also able to chaperone RBPs condensation and ''dissolve'' neurodegenerative fibers upon overexpression.
Since the newly discovered function of NIRs in the cytoplasm has only been observed in vitro or upon overexpression of NIRs in vivo, one might still wonder what happens under physiological conditions. How does a cell regulate the expression and specific recruitment of NIRs to supramolecular condensates? We know that NIRs freely pass the permeability barrier of the nuclear pore complex; thus, we still lack a good understanding of how the cell could shift the concentration ratio of free NIRs between the nucleus and the cytoplasm to be able to precisely tune the composition and state of, for example, SGs upon stress. One possibility is regulation of the total concentration of NIRs via protein expression or homeostasis, which are rather slow processes. Therefore, more research on NIRs would potentially unveil the mechanisms responsible for downregulation or other dysfunctions of NIRs that are linked to diseases. If NIRs can be master regulators of phase separation, one wonders why the cell should decide to omit such a potential for nuclear export receptors, especially since membraneless organelles also exist in the nucleus. The present studies focused on NIRs and only tested a few NES and export receptor cases. One explanation of the differences observed might be that exportins, like CRM1, are largely basic and hydrophobic around their NES binding pockets compared to negatively charged, acidic surfaces of NIRs. It thus keeps us curious to see whether a similar but different mechanism may still be discovered for the NES.
As many human nuclear IDPs contain an NLS and multiple RGG and RG motifs are prone to Arg methylation, the model arising from the studies discussed here will possibly be widely applicable. The potential impact goes beyond understanding basic molecular mechanisms, as it might open a path to treating neurodegenerative diseases by modulating NIR levels. Can we envision the use of NIRs as potential cure? Will we perhaps be able to identify drugs that specifically activate arginine methyltransferases or directly methylate arginine residues in FTD patients? It seems that much basic research on Arg methylation is still needed to answer those questions.
We have barely touched the topic of RNA in this Minireview even though it is a major component of RNPs. Notably, RNA is itself of low complexity and high flexibility, and many concepts we now learn from IDPs will also apply to RNA. After all, the widely used abbreviation IDR, for intrinsically disordered region, could equally well be used for intrinsically disordered RNA. There is still much to learn about the physicochemical principles of IDPs, RNA, and phase separation mechanisms, and many concepts well established in polymer science will now find their way into life science. Understanding how phase separation relates to function is what makes this transfer of ideas exciting and requires unbiased integrated views across disciplines and a complementation of reconstitution approaches with cell biological assays.
